Abstract Delamination crack detection is very important for improving the structural reliability of laminated composite structures. This requires real-time delamination detection technologies. For composite laminates that are reinforced with carbon fiber, an electrical potential method uses carbon fiber for reinforcements and sensors at the same time. The use of carbon fiber for sensors does not need to consider the strength reduction of smart structures induced by imbedding sensors into the structures. With carbon fiber reinforced (CF/) epoxy matrix composites, it had been proved that the delamination crack was detected experimentally. In the present study, therefore, similar experiments were conducted to prove the applicability of the method for delamination crack detection of CF/polyetherethereketone matrix composite laminates. Mode I and mode II delamination tests with artificial cracks were conducted, and three point bending tests without artificial cracks were conducted. This study experimentally proves the applicability of the method for detection of delamination cracks. CF/polyetherethereketone material has strong electric resistance anisotropy. For CF/polyetherethereketone matrix composites, a carbon fiber network is constructed, and the network is broken by propagation of delamination cracks. This causes a change in the electric resistance of CF/ polyetherethereketone matrix composites. Using three point bending specimens, delamination cracks generated without artificial initial cracks is proved to be detectable using the electric potential method: This method successfully detected delamination cracks.
Introduction
Laminated composite plates fabricated by stacking unidirectional plies have superior specific mechanical properties to that of the conventional metallic materials.
1) The laminated composite plates, however, have a weak point at delamination resistance, and this causes delamination cracks by small impacts such as tool drops. Since the delamination cracks are usually invisible or difficult to find by naked eyes, the delamination causes low reliability for primary structures of laminated composites. In order to improve this low reliability, real time automatic detection of delamination cracks is required. Health monitoring system for detection of the delamination cracks is very desirable technology for actual laminated composite structures. Embedding optical fiber sensors into laminated composites is one of the approaches for the detection of delamination cracks [2] [3] [4] automatically. The approach, however, brings reduction of strength or fatigue strength that is caused by embedding optical fiber sensors, and the approach is high cost because the optical fiber sensors are usually high costs. A new technology, therefore, is desired for the smart structures for detection of delamination crack. An electric potential method is usually investigated in detail for conventional metallic structures for detection of cracks or defects. 5) In the present study, the electric potential method was attempted for detection of delamination cracks. The electric potential method does not require high cost equipment. Since the method uses reinforcement carbon fiber as delamination detection sensors, this method does not cause strength or fatigue strength reduction.
Principle of electric potential method for carbon fiber reinforced polymer matrix composites(CF/PMC) as follows. † 150 Soon-Gi Shin Carbon fiber has low electric resistance, and the polymer matrix for CF/PMC is usually insulation resistance. For ideal CF/PMC, electric resistance in fiber orientation is very low(almost zero), and the electric resistance of transverse orientation is ideally infinite. Carbon fiber in a unidirectional ply is, however, serpentine, and is not completely straight. The tangled carbon fiber in a ply makes a large carbon fiber network as shown in Fig. 1 . The network has finite electric resistance even in the transverse orientation. In the same way, the network causes finite electric resistance in the thickness orientation in a ply. The electric resistance in transverse direction is much lower than that of fiber orientation and thickness direction. This causes electric resistance anisotropy for CF/PMC. Though the fiber network structure in the thickness orientation almost equals to the structure in the transverse orientation, total electric resistance in the thickness orientation is larger than that of transverse orientation for laminated composites. That is because there are many thin resin rich interlaminae in laminated composites. For ideal CF/PMC, electric resistance in thickness orientation is infinite due to the resin rich interlaminae. For actual CF/PMC, however, a carbon fiber reinforced polymer matrix ply is serpentine such as fiber in a ply. This curve of a ply yields finite electric resistance in the thickness direction even for thick laminated CF/PMC. When a delamination crack generates in the resin rich interlaminae, the crack breaks the fiber network between plies. The breakage of the network yields increase of electric resistance.
Author has already investigated the applicability of the electric potential method for measurements of delamination crack length for mode I and mode II tests. 6, 7) In the previous study, CF/epoxy laminated composite plates were used to investigate applicability of the method experimentally. Double cantilever beam specimens and end notch flexure specimens were adopted to obtain relations between electric potential change and delamination crack length. Two electrodes were attached on the top of the specimen surface, which modelled detection of delamination cracks from inside of aircraft structures. By using electric resistance bridge circuits, the small electric resistance change was measured with small electric current.
The electric potential method was applied to the laminated composite specimens that had multi-direction fiber angles by Todoroki.
8) Mode I and mode II type delamination tests were conducted to obtain relations between electric resistance change and delamination crack length with specimens of three kinds of stacking sequences. Specimens produced from two kinds of fabrication methods were also tested. The results showed that the delamination crack plane transition causes large change of electric resistance and that fabrication method has large effect on electric conductivity. Matrix of CF/polyetherethereketone matrix composite is a kind of thermoplastic materials, and the fabrication method of CF/polyetherethereketone is largely different from that of CF/ epoxy matrix composites. Since the flow of polyetherethereketone matrix at processing temperature is generally worse than that of epoxy. Electric resistance anisotropy is assumed to be largely different from CF/epoxy matrix composites. In the present study, therefore CF/polyetherethereketone matrix composite laminates were adopted as material for testing. Mode I and mode II delamination tests were conducted. Relation between electric resistance change and delamination crack length were measured. Practical delamination cracks, which grows from matrix crack, was attempted to be detected by using three point bending specimens without artificial initial defects.
Experimental Procedure
Material used in the present study is AS-4/polyetherethereketone(Asahi Chemical Co.). Prepreg sheet APC-2(Japan Carbon Co.) was used, and fabricated under the condition of 623 K × 0.4 Mpa × 1.5 hr. Three types of laminates were fabricated. Type A specimens have stacking sequence of [0]s, and have artificial defects at the edge of the specimens. The artificial defects were introduced by inserting film in the middle of the thickness. From the laminates, mode I and mode II delamination test specimens of length 200 mm, width 20 mm and thickness 2 mm were fabricated. Specimen configurations and jigs were shown in Fig. 2 , respectively. For mode I specimens, Glass fiber reinforced epoxy matrix composite plates were adopted as insulator between jigs and CF/polyetherethereketone specimens. For mode II specimens, Teflon film 
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was used as insulator between jigs and CF/polyetherethereketone specimens.
Mode I and mode II delamination tests were conducted to obtain basic electric properties and to investigate applicability of the electric potential method for CF/polyetherethereketone composites. By using these specimens, relations between electric resistance change and delamination crack length was measured. Delamination crack length was directly measured with reading microscopes from the specimen side surface. Three point bending specimens were made from type B laminates of [0 4 /90 4 ]s, and the specimens have no artificial defects. Similarly, the same configuration specimens were made from type C laminates of [90 4 /0 4 ]s, and have no artificial initial defects. Both types of specimens have length 60 mm, width 20 mm and thickness 2 mm. Specimen configurations is shown in Fig. 3 . The three point bending tests were conducted to investigate applicability of the electric potential method for actual delamination cracks that do not generate from artificial defects. For the type B and C laminates, matrix cracks occur in a 90 degree ply first of all. The matrix cracks were stopped at the interlamina between 90 degree ply and 0 degree ply. The cracks are initiator of delamination cracks.
Electrodes were constructed on specimen surfaces as follows. A specimen surface was polished by the polishing paper. The polished side was washed with acetone. The polished side was polished again by using Al 2 O 3 powder. The polished side was cleaned with acetone. Silver paste was painted on surface. Strain gage terminals were attached with adhesive. Lead wire was soldered to the strain gage terminal. Lead wire was attached to specimen surface by using silver paste. The whole part of an electrode was covered with Al tape. Cross section of the electrode was shown in Fig. 4 . Since electric resistance change due to delamination crack growth is very small for the specimen shown in Fig. 2 and Fig. 3 , an electric resistance bridge circuit was used to measure the resistance change by small electric current as shown in Fig. 5 . A direct current strain amplifier was used as bridge circuit electric power source supplier and also as bridge circuit voltage amplifier. For all the tests, MTS closed-loop material testing machines(R&B Co.) were used. Tests were conducted under displacement control condition at cross head speed of 1 mm/min.
Results and Discussion
Measured relation between electric resistance change and delamination crack length of mode I was shown in Fig. 6 . The ordinate is electric resistance change ratio normalized by initial electric resistance(R o ), and the abscissa is delamination crack length normalized by specimen length (L). For most of unidirectional CF/epoxy matrix composites, the relation was linear. The relation of the unidirectional CF/polyetherethereketone is non-linear as shown in Fig. 6 in the shorter delamination region(∆a/L ≤ 0.15). Since there is resin rich region near the artificial initial defects due to fabrication process of CF/ polyetherethereketone matrix composites, electric resistance change near the initial defect is non-linear for a short crack.
For materials of isotropic electric resistance, the electric resistance(R) is defined R = ρ(l/s), where ρ is specific resistance, l is length and s is cross section area. For the region where delamination crack has propagated, the cross section area is half of the initial thickness. The electric resistance for the region where delamination crack has propagated is twice as large as that of initial thickness. The total electric resistance(R t ) is calculated ρ(2a/s) + ρ{(L − a)/s}. Where a is crack length measured from the electrodes, and L is distance between two of electrodes on the specimen surface. Initial electric resistance(R o ) is ρ(l/s). By using R t and R o , electric resistance change ratio(∆R/R o ) can be obtained.
Therefore, the relation between electric resistance(∆R/ R o )and delamination crack(a/L) is direct proportion.
Since electric resistance of 0 degree plies is very low compared to resistance of other directions, it is most electric current flows near the specimen top surface for unidirectional laminates. This decreases the effect of the decrease of the cross section of electric flow pass. Therefore, the measured relation is not direct proportion, and the inclination is lower than 1. The low inclination implies that the CF/polyetherethereketone has strong anisotropy in electric resistance. Measured relation between electric resistance change and delamination crack length of mode II was shown in Fig. 7 . For mode II tests, delamination crack surfaces keep contact with each other due to the loading. This implies that fiber network is completely broken by the delamination crack growth even for mode II loading, and the network is not repaired by unloading. 10) Measured relation between electric resistance change and loading displacement for a type B three-point-bending specimen is shown in Fig. 8 and Fig.  9 . In these figures, load-displacement relation is also shown. At the point approximately d = 0.47 mm, a delamination crack generated just after the initiation of a matrix crack. At the point, there is a kink point in the load-displacement relation. The change is, however, small. Measured relation between electric resistance change and loading displacement for a type C three point bending specimen is shown in Fig. 10 and Fig. 11 . The ordinate and abscissa are the same as those of Fig. 8 . At the point approximately d = 0.75 mm, there was a first matrix crack- 
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ing at the opposite surface to the center-loading point. At the point approximately d = 1.29 mm, a delamination crack generated near the matrix crack, and there was large change of electric resistance at the point. We can conclude that delamination cracks generate without artificial defects can be detected by using the electric potential method with the electric resistance bridge circuit. The electric resistance change due to matrix cracking is very small in each case. This is due to the strong electric anisotropy. [11] [12] [13] Since the electric resistance of 90 degree ply is much higher than that of 0 degree ply, only small amount of electric current flows in 90 degree plies. The matrix crack in 90 degree plies does not cause large change of electric current. Therefore, the electric potential method is appropriate for detecting delamination cracks.
Conclusion
The electric potential method with electric resistance bridge circuits was applied to detect delamination cracks of CF/polyetherethereketone composite laminates. The applicability of the method for detection of delamination crack was experimentally proved in the present research. CF/polyetherethereketone material has strong electric resistance anisotropy. For CF/ polyetherethereketone matrix composites, the carbon fiber network is constructed, and the network is broken by propagation of delamination cracks. This causes electric resistance change for CF/ polyetherethereketone matrix composites. By using three points bending specimens, delamination cracks generate without artificial initial cracks is proved to be detectable using the electric potential method. Since the electric resistance change due to matrix cracks is much smaller than that due to delamination crack propagation, delamination crack generation can be distinguished from matrix crack generations. 
